1. Introduction {#sec1}
===============

Continuous exposure to high temperatures can lead to psychological stress reactions, such as helplessness, irritability, and loss of concentration, and physiological stress responses, such as increased heart rate, fainting, and anorexia [@bib1], [@bib2], [@bib3]. This stress response changes the expression of various genes throughout the body and can contribute to various diseases [@bib4], [@bib5], [@bib6]. In addition, when body temperature is elevated due to heat stress and metabolism becomes excessive, production of reactive oxygen species (ROS) increases, leading to oxidative stress when ROS levels exceed the capacity of the body\'s antioxidant systems [@bib7]. Oxidative stress, in turn, causes adverse effects such as lipid peroxidation and DNA mutations in cells and tissues by damaging cellular components such as nucleic acids, protein, and lipids [@bib8], [@bib9]. In addition, activation of inflammatory signals by ROS induces secretion of inflammatory cytokines and activates apoptosis [@bib10], [@bib11]. Therefore, suppressing excessive ROS production and inhibiting the inflammatory response is essential for preventing tissue damage and protecting the body.

The antioxidant system uses factors such as catalase, superoxide dismutase (SOD), glutathione (GSH), glutathione reductase (GR), and glutathione peroxidase (GPx) to convert ROS to water molecules and oxygen [@bib12]. However, when ROS accumulate beyond the capacity of the system, they activate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and mitogen-activated protein kinase (MAPK) signaling [@bib13], [@bib14]. Activated NF-κB translocates into the nucleus and acts as a transcription factor to promote the secretion of inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α) [@bib15]. NF-κB also promotes transcription of the mRNAs encoding pro-interleukin (IL)-1β, pro-IL-18, and components of the nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3 (NLRP3) inflammasome. Upon activation by ROS, the NLRP3 inflammasome converts procaspase-1 to caspase-1, which dissociates from NLRP3 and is released into the cytoplasm. Subsequently, caspase-1 converts pro-IL-1β and pro-IL-18 to their active forms, IL-1β and IL-18, promoting their secretion from the cell [@bib16].

The liver is an essential tissue that plays a wide range of roles in the body, including detoxification, energy metabolism, and protein synthesis. In collaboration with other body systems, the liver performs up to 500 individual functions which cannot be fully reproduced by any existing artificial organs or devices [@bib17], [@bib18]. Excessive inflammation beyond the liver\'s ability to recover can cause hepatitis or cirrhosis, eventually leading to liver cancer [@bib19], [@bib20]. Accordingly, protection of the liver is a high priority that requires constant surveillance and management. Previously, we reported that ginseng extract inhibits lipid peroxidation and abnormal immune responses to heat stress [@bib21], [@bib22]. As noted above, heat stress can induce illness by adversely affecting *in vivo* gene expression and interfering with homeostatic mechanisms; consequently, it is important to defend the body against heat stress. Ginseng extract, a therapeutic herbal medicine with beneficial effects, such as relieving fatigue, improving memory, and improving obesity and diabetes, can help to protect the body against heat stress [@bib23], [@bib24], [@bib25]. Ginseng is classified as white, red, and black depending on the manufacturing process [@bib26], [@bib27], [@bib28].

The aim of this study was to investigate the effects of red and black ginseng extracts on the oxidative reaction induced by heat stress in liver tissues, identify the active ingredients, and validate the molecular mechanism of this effect using a cell-based model.

2. Materials and methods {#sec2}
========================

2.1. Chemicals and reagents {#sec2.1}
---------------------------

Korean fresh ginseng samples (4-year-old ginseng) were purchased from Jeonbuk Ginseng Nonghyup in Jinan province, South Korea. Korean Red Ginseng was obtained by steaming and drying white ginseng. Korean black ginseng was also obtained by steaming and drying red ginseng. Korean Red Ginseng and Korean black ginseng were extracted with deionized water and ethanol. The Korean Red Ginseng and Korean black ginseng extracts were termed JP5 and BG1, individually. Additional information on JP5 and BG1 extraction methods is described in our previous study [@bib22]. The preparation procedures are summarized in ([Fig. 1](#fig1){ref-type="fig"}A and B), and the extracts compositions are shown in ([Fig. 1](#fig1){ref-type="fig"}C). The ginsenoside Rg5 was obtained from Korean Ginseng Research Corporation (Yangpyeong, South Korea). Antibodies against catalase, SOD2, GR, phospho-c-Jun N-terminal kinase (JNK), and GAPDH were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies against p-NF-κB, TNF-α, NLRP3, caspase-1, IL-1β, B-cell lymphoma 2 (BCL2), and JNK were purchased from Cell Signaling Technology (Beverly, MA, USA). GSH enzyme-linked immunosorbent assay (ELISA) kits were purchased from Cayman Chemicals Co. (Ann Arbor, MI, USA). Thiazolyl blue tetrazolium bromide (MTT) was purchased from Alfa Aesar Chemical Inc. (Ward Hill, MA, USA). Unless noted otherwise, all chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA).Fig. 1Preparation procedure and component of JP5 and BG1. (A) Korean Red Ginseng extract (JP5) preparation process. (B) Korean black ginseng extract (BG1) preparation process. (C) Analysis of JP5 and BG1 content by high-pressure liquid chromatography (HPLC).Fig. 1

2.2. Animal study design {#sec2.2}
------------------------

Seventy 8-weeks-old male Sprague--Dawley (SD) rats were purchased from Orient Bio (Gyeonggi-do, Korea) and housed under standard conditions (12 h light/dark cycle, 23--26°C, 50--55% humidity, light intensity of 100--200 Lux, sterilized tap water, and commercial rodent food *ad libitum*). All rats were used after a week of quarantine and acclimation. The animals were randomly divided into five groups (n = 14 each): room temperature (RT), heat stress (HS), heat stress + JP5 low dose (JP5-L, 100 mg/kg), heat stress + JP5 high dose (JP5-H, 300 mg/kg), and heat stress + BG1 (BG1, 300 mg/kg). RT groups were housed at room temperature for 6 weeks. The other groups were housed at room temperature for 2 weeks and then subjected to heat stress (40 ± 1°C for 2 h/day) for 4 weeks. A device for heat stress exposure (LH-10433G) was purchased from Lassele (Ansan, South Korea). Rats were treated with JP5 and BG1 from the second week until the end of the experiment. The design of the experiment to test the protective effect of JP5 and BG1 on SD rats is summarized in ([Fig. 2](#fig2){ref-type="fig"}A). After the end of the experiment, blood was harvested and stored at −20°C until analysis. Liver tissues were extracted and stored at −80°C until analysis. All experimental procedures were performed in accordance with the guidelines for animal experimentation provided by the Faculty of Agriculture, CHA University in accordance (Seongnam, Gyeonggi-do, Korea).Fig. 2Experimental design. (A) Animal experiments: 7 weeks including 1-week adaptation period and pretreatment with JP5 and BG1 at 2 weeks. After the end of the experiment, rats were sacrificed according to animal use guidelines. (B) Cell-based experiments: cells were seeded and treated with Rg5 24 h later. After 4 h of preincubation, the cells were incubated at 43°C to induce heat stress.Fig. 2

2.3. Cell study design {#sec2.3}
----------------------

HepG2 cells were purchased from the American Type Culture Collection. Cells were cultured in Dulbecco\'s Modified Eagle\'s Medium (DMEM) containing 10% heat-inactivated fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA) and 100 μg/mL penicillin--streptomycin and grown at 37°C in a 5% CO~2~ air environment. HepG2 cells were seeded at a density of 1 × 10^4^ cells per well in 96-well plates, and the MTT assay was performed as described previously [@bib22]. To obtain results of MTT assays and ELISA kits, absorbance was measured at 450 nm and 570 nm, respectively, on a PowerWave HT ELISA reader (BioTek, Winooski, VT, USA). As shown in ([Fig. 2](#fig2){ref-type="fig"}B), for the cell-based heat stress model, HepG2 cells were seeded in 100 mm dishes at a density of 5 × 10^5^ cells/dish. After 24 h, the cells were treated with Rg5, incubated for an additional 4 h, and then exposed to heat stress (43°C) for 12 h. After a 1 h recovery period, the cells were harvested.

2.4. RNA isolation and reverse transcription polymerase chain reaction (RT-PCR) {#sec2.4}
-------------------------------------------------------------------------------

Liver tissue and HepG2 cells were homogenized in 500 μL of Trizol reagent, and RNA was subsequently extracted according to the Trizol protocol. To generate cDNA, 1 μg of total RNA was subjected to RT-PCR. Primer sequences were as follows: 18S, forward (GGCCCGAAGCGTTTACTTTGAA) and reverse (GCATCGCCAGTCGGCATCGTTTAT); catalase, forward (AAGGTTTGGCCTCACAAGG) and reverse (CGGCAATGTTCTCACACAG); GPx, forward (GTGTATGCCTTCTCGGCGCG) and reverse (CGTTGCGACACACCGGAGAC); GR, forward (CAGTGGGACTCACGGAAGAT) and reverse (TTCACTGCAACAGCAAAACC); and SOD2, forward (GCACATTAACGCGCAGATCA) and reverse (AGCCTCCAGCAACTCTCCTT). PCR products were run on 1.5% agarose gels, stained with ethidium bromide, and photographed.

2.5. Western blotting {#sec2.5}
---------------------

Liver tissue and HepG2 cells were washed with phosphate-buffered saline (PBS) and homogenized in 300 μL of radio immunoprecipitation assay (RIPA) buffer \[50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS\] supplemented with protease inhibitors (1 mM PMSF, 5 μg/mL aprotinin, and 5 μg/mL leupeptin) and phosphatase inhibitors (1 mM Na~3~VO~4~ and 1 mM NaF) and then centrifuged at 18,000 *g* for 10 min at 4°C. Protein concentration was determined by BCA assay (Pierce, Rockford, IL, USA) using bovine serum albumin as the standard. Proteins (20 μg/lane) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (Osmonics, Minnetonka, MN, USA). The membranes were incubated with specific primary antiserum in tris-buffered saline (TBS) containing 0.05% Tween-20 (TBS-T) and 5% non-fat dry milk at 4°C overnight. After three washes with TBS-T, the blots were incubated with peroxidase-conjugated IgG for 1 h at room temperature, visualized using enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ, USA), photographed on a ChemiDoc system, and analyzed using the Image Lab Software (Bio-Rad Laboratories, Hercules, CA, USA).

2.6. Statistical analysis {#sec2.6}
-------------------------

Differences among groups were evaluated by one-way analysis of variance, followed by Duncan\'s multiple range test, using the SPSS software system (SPSS for Windows, version 20; SPSS, Inc., Chicago, IL, USA). In figures, values labeled with different letters are significantly different (*p* \< 0.05).

3. Results {#sec3}
==========

3.1. Body weight, food intake, water consumption, and liver weight {#sec3.1}
------------------------------------------------------------------

The change in body weight, food intake, and water conservation according to heat stress in each group was expressed as a percentage change compared with the mean value at 1 week. We observed no significant difference in body weight, food intake, and water conservation changes in all groups prior to heat stress but saw a dramatic difference in the HS group after application of heat stress. As shown in ([Fig. 3](#fig3){ref-type="fig"}), food intake decreased 24% after the end of heat stress, and body weight decreased by about 18%. Growth rate relative to the first week was 134% in the RT group, but only 116% in the HS group. However, in the JP5- and BG1-treated groups, food intake increased by 10% and 11% relative to the HS group ([Fig. 3](#fig3){ref-type="fig"}A), and body weights increased by 8% and 10%, respectively ([Fig. 3](#fig3){ref-type="fig"}B). In addition, water intake increased 46% in the HS group relative to the RT group, but only 23% and 14% in the JP5- and BG1-treated groups, respectively ([Fig. 3](#fig3){ref-type="fig"}C). After the end of the experiment, liver weights were measured by dissection to determine the effects of heat stress, JP5, and BG1 on the liver. In the HS group, liver weight decreased by 10% relative to the RT group, but this decrease in liver weight was suppressed in the JP5- and BG1-treated groups ([Fig. 3](#fig3){ref-type="fig"}D).Fig. 3Effects of heat stress, JP5 and BG1 on food intake, growth curve, water conservation, and liver weight in rats. Rats were reared at room temperature (RT) for 2 weeks and then exposed to heat stress (HS) (2 h/day) for 4 weeks. (A) Food intake, (B) growth curve, and (C) water conservation were monitored weekly and calculated as a percentage relative to the value at 1 week. (D) Wet liver weight after sacrifice. Results are expressed as means ± standard deviation (n = 7, repeated). Values labeled with different letters are significantly different (*p \<* 0.05).Fig. 3

3.2. Effect of heat stress and JP5 and BG1 on genes related to oxidative stress {#sec3.2}
-------------------------------------------------------------------------------

To investigate the effect of JP5 and BG1 on oxidative stress induced by ROS generation, we monitored the expression of genes related to oxidative stress in the liver. Expression levels of catalase, GPx, and SOD2, which are involved in ROS removal, were significantly increased by heat stress. Both the protein and mRNA levels of catalase followed the same trends. However, the expression of all three genes was dramatically reduced in groups treated with JP5 and BG1 ([Fig. 4](#fig4){ref-type="fig"}A). GR, another ROS scavenging factor, was upregulated at the protein level in the HS group but downregulated in groups treated with JP5 and BG1 ([Fig. 4](#fig4){ref-type="fig"}B). Serum analysis revealed that GSH secretion was increased by heat stress, whereas GSH secretion of JP5 and BG1-treated groups was suppressed to a similar degree as in the RT group ([Fig. 4](#fig4){ref-type="fig"}C).Fig. 4Expression of oxidative stress--related genes and proteins in liver tissue and serum. (A) Analysis of catalase, GPx, and SOD2 gene expression by RT-PCR. 18S rRNA was used as a loading control. (B) Analysis of catalase and GR protein expression by Western blot. GAPDH was used as a loading control.HS, heat stress; RT, room temperature; SOD, superoxide dismutase; GR, glutathione reductase; GPx, glutathione peroxidase; GSH, glutathione; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.FigQ11: Editor Comment: Please provide expansion, if any, for "GAPDH" given in caption of figure 4.. 4

3.3. Effect of heat stress and Rg5 on cell viability and oxidative stress--related genes in HepG2 cells {#sec3.3}
-------------------------------------------------------------------------------------------------------

We then conducted cell culture experiments to further investigate the protective effects of the active components of JP5 and BG1 against heat stress and oxidative stress. Analysis of the components of the JP5 and BG1 used in the animal experiments confirmed that our extracts had a higher content of Rg5 and Rk1 than general Korean ginseng extracts ([Fig. 1](#fig1){ref-type="fig"}B). Based on this observation, we predicted that Rg5 and Rk1 would have protective effects against oxidative stress. To test this idea, we treated the liver cell-line HepG2 with Rg5. The MTT assay revealed that Rg5 was not toxic at doses up to 50 μg/mL ([Fig. 5](#fig5){ref-type="fig"}A). Cell viability was measured at 37, 40, and 43°C to determine the appropriate stress levels for cells. Cell viability was significantly reduced at 43°C ([Fig. 5](#fig5){ref-type="fig"}B). Therefore, final Rg5 concentrations of 25 μg/mL and 50 μg/mL were used at 43°C. When HepG2 cells were exposed to heat stress, expression levels of catalase, GR, GPx, and SOD2 (all of which are involved in ROS clearance) increased, as in the animal experiments. However, in the Rg5-treated group, the increase in gene expression was inhibited in a dose-dependent manner ([Fig. 5](#fig5){ref-type="fig"}C). Both mRNA and protein expression levels exhibited the same trends ([Fig. 5](#fig5){ref-type="fig"}D).Fig. 5Effects of heat stress and Rg5 on cell viability and expression of oxidative stress--related factors in HepG2 cells. (A) Dose-dependent cell viability was measured by MTT assay. (B) Cell viability was measured by MTT assay at three temperatures (37, 40, and 43°C) and three concentrations of Rg5 (0, 25, and 50 μg/mL). (C) Analysis of catalase, GR, GPx, and SOD2 gene expression by RT-PCR. 18S rRNA was used as a loading control. (D) Analysis of catalase, GR, and SOD2 protein expression by Western blot. GAPDH was used as a loading control. Values labeled with different letters are significantly different (*p \<* 0.05).MTT, Thiazolyl blue tetrazolium bromide; SOD, superoxide dismutase; GR, glutathione reductase; GPx, glutathione peroxidase.Fig. 5

3.4. Effect of JP5, BG1, and Rg5 on inflammatory response by heat stress {#sec3.4}
------------------------------------------------------------------------

To investigate the effects of heat stress on the inflammatory response in the liver and the effect of JP5 and BG1, we monitored the expression of inflammatory factors. In general, phosphorylation of NF-κB, a key inflammatory factor, affects secretion of cytokines and cell survival [@bib29]. As shown in ([Fig. 6](#fig6){ref-type="fig"}A), heat stress increased NF-κB phosphorylation in liver tissue, but phosphorylation was inhibited in the JP5- and BG1-treated groups. The same trend was observed for phosphorylation of JNK, a downstream factor of MAPK. In addition, the inflammatory cytokine TNF-α was also elevated by heat stress but inhibited by JP5 and BG1. Especially in JP5-H and BG1, levels of phosphorylation and protein expression were similar to those in the RT group. ([Fig. 6](#fig6){ref-type="fig"}B) shows that NLRP3 and caspase-1, which constitute the NLRP3 inflammasome [@bib16], were both upregulated in the HS group, and expression of IL-1β was also elevated. In addition, BCL2, an apoptosis-related factor induced by inflammatory reactions [@bib30], exhibited the same tendency. In cells, phosphorylation of NF-κB and the expression of TNF-α were increased by heat stress, but Rg5 inhibited this increase ([Fig. 6](#fig6){ref-type="fig"}C). As in animal tissues, NLRP3, caspase-1, IL-1β, and BCL2 exhibited the same tendencies ([Fig. 6](#fig6){ref-type="fig"}D).Fig. 6Expression of inflammatory proteins in liver tissue and HepG2 cells. (A) Expression of proteins related to inflammation, including p-NF-κB, p-JNK, JNK, and TNF-α analyzed by Western blot. (B and D) Expression of proteins related to the NLRP3 inflammasome and apoptosis, including NLRP3, caspase-1, IL-1β, and BCL2, in (B) liver tissue and (D) HepG2 cells. (C)The effects of Rg5 and heat stress on expression of inflammatory factors p-NF-κB and TNF-α were confirmed in HepG2 cells. GAPDH was used as a loading control.TNF-α, tumor necrosis factor-alpha; RT, room temperature; HS, heat stress.Fig. 6

4. Discussion {#sec4}
=============

Oxidation plays important roles in signal transduction in the body [@bib31]. However, problems arise when ROS produced by high levels of oxidation reactions exceed the capacity of antioxidant protection systems. Oxidative stress induced by heat stress is also caused by excessive oxidation, which can cause many problems in the body. Antioxidant systems increase the expression of antioxidant enzymes such as catalase, SOD2, GR, and GPx to eliminate ROS caused by heat stress [@bib32], [@bib33], [@bib34].

We found that when JP5 and BG1 were administered to heat-stressed cells, the expression of the antioxidant enzymes did not increase, suggesting that ROS had been effectively removed via the antioxidant effect of ginsenoside, a major component of ginseng. In addition, as reported in our previous studies, JP5 and BG1 help maintain homeostasis and effectively protect against the stress response to high temperature. We assume that this protective effect involves inhibition of ROS generation or elimination of the ROS produced in response to heat stress.

Korean ginseng contains various kinds of ginsenosides, which have different functions depending on the species [@bib35]. JP5 and BG1, extracted from Korean Red Ginseng and black ginseng, have high levels of Rg5 and Rk1. Therefore, we examined the antioxidant effects of JP5 and BG1 by administering Rg5 and Rk1 to cultured cells. The results revealed that Rg5 and Rk1 exert antioxidant and antiinflammatory effects in the liver. Because Rg5 and Rk1 interconvert under normal conditions, we used a mixture of Rg5 and Rk1 in our cell-based experiments. Previous studies showed that Rg3 also has an antioxidant effect [@bib36], [@bib37]. Because JP5 and BG1 also have a high content of Rg3, they may also exhibit synergistic effects with Rg5 in terms of antioxidant function. We plan to investigate this possibility in future studies.

In a previous study, we showed that antioxidant function is activated by ROS and inhibited by Korean ginseng [@bib24]. In addition, we found that JP5 and BG1 prevent activation of NF-κB by ROS and its downstream effects on cytokine secretion. Especially, it helped to reveal that affect the NLRP3 inflammasome-related factors and signaling pathways.

In conclusion, JP5 and BG1 inhibit induction of ROS production by heat stress and thus prevent oxidative stress from damaging the body. At a molecular level, Rg5 inhibits NF-κB signaling by ROS and the activity of the NLRP3 inflammasome, a sub-signal of the NF-κB pathway, thereby suppressing the inflammatory response to oxidative stress. Therefore, JP5 and BG1 can prevent oxidative damage caused by heat stress in liver tissue. Although pharmaceuticals may cause hepatotoxicity, ginseng extract has no such side-effects and therefore represents a potentially useful therapeutic agent against oxidative stress. We anticipate that our JP5 and BG1 could be used as a functional food to defend against heat stress and oxidative stress in high-temperature environments.
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